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To understand the fuelling process in a fusion device by a compact toroid (CT) injectionmethod, three dimensional
MHD numerical simulations, where a spheromak-like CT (SCT) is injected into magnetized target plasmas, has
been carried out. It has been found that the SCT penetration into magnetized target plasmas is accompanied by
complex physical dynamics, which is not simply described by the conventional simple theoretical model. One of
the most remarkable phenomena is magnetic reconnection. Magnetic reconnection plays a role in supplying the
high density plasma, initially confined in the SCT magnetic field, to the target region. Furthermore, it is suggested
that magnetic reconnection relaxes the deceleration of the SCT.
1. Introduction
In recent years, compact toroid (CT) plasmoid injection
has been considered as one of the advanced fuelling methods
for a fusion reactor, since the injection velocity of fuel is
much faster than that by any of the other methods. It has
been discussed in relation to several experimental (Brown et
al., 1992; Raman et al., 1994; Raman et al., 1997; Raman et
al., 1999; Gouge et al., 1997; Slough et al., 1996; Yee and
Bellan, 1998; Fukumoto et al., 1996; Ogawa et al., 1999;
Miyazawa et al., 1998) and theoretical (Parks et al., 1988;
Perkins et al., 1988; Newcomb, 1991; Hwang et al., 1999)
studies. Although these studies have shown the possibility
of fuelling by this method, several unsolved problems have
been remaining. We especially pay attention to the physical
mechanism to determine the CT penetration depth and carry
out three dimensional MHD numerical simulations, where
a spheromak-like CT (SCT) is injected into the magnetized
target plasma region.
In our previous paper (Suzuki et al., 2000), it is revealed
that 1) the magnetic configuration of the injected SCT is dis-
rupted by magnetic reconnection between the SCT magnetic
field and the target magnetic field, which leads to supply of
the SCT high density plasma, 2) the penetration depth of the
SCT plasma into the target region becomes shorter than that
estimated from the conducting sphere (CS) model, because
the Lorentz force of the target magnetic field sequentially de-
celerates the SCT through the plasma compressibility, while
in the CSmodel only the magnetic pressure force decelerates
it. In this study, we present a new theoretical model to deter-
mine the SCT penetration depth and investigate in detail the
deceleration mechanism of the injected SCT by comparison
with simulation results.
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2. Theoretical Model
So far, theCSmodel has beenwidely employed to estimate
the penetration depth of the injected CT (Raman et al., 1994;
Gouge et al. 1997; Ogawa et al, 1999). This model indicates
that the CT, for which an incompressible, perfectly conduct-
ing sphere is substituted, penetrates by slipping through the
target magnetic field, that is, the CT can penetrate until its
initial kinetic energy is exceeded by the magnetic energy














where ρ, V and B are the CT density, the CT velocity and
the strength of the target magnetic field at the point where the
CT is penetrating, respectively. Taking V = VCT and B = 0
for the initial condition, and V = 0 and B = Btarget for the







where vCT is the CT volume. Thus, the CT can penetrate
until the point where the strength of the target magnetic field
is
Btarget = √μ0ρVCT. (3)
Furthermore, taking a z axis for the injection direction, we




































where F is the CT acceleration force. Therefore, in this
model only the magnetic pressure force acts as the decelera-
tion mechanism of the CT. However, the CT actually has the
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Fig. 1. Schematic diagram of the bent target magnetic field.
finite resistivity, which could inhibit the CT from slipping
through the target magnetic field. From the simulation with
finite resistivity, it has been confirmed that the injected SCT
cannot slip the target magnetic field but bent it in the SCT
penetration direction. In addition, it has been revealed that
the Lorentz force of the target magnetic field sequentially
decelerates the SCT through the penetration process (Suzuki
et al., 2000). The Lorentz force consists of the magnetic
pressure force and the magnetic tension force:
J × B = −∇(B2/(2μ0)) + (B · ∇)B/μ0. (7)
Therefore, the magnetic tension force could also decelerate
the SCT. If we approximate that the target magnetic field is
bent with a cosine function as shown in Fig. 1, the magnetic
tension force is lead as follows:































[B · ∇Bz/μ0]y=0 = −
B2
μ0
π2(L p + LSCT)
2R2
(11)
where LSCT, L p and R are the half size of the SCT, the
SCT penetration depth and the radius of the target region,
respectively. Thus, the equation of motion for the SCT is
given by adding it to Eq. (6):
∂
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. (12)
Neglecting the convection term, we call it the nonslipping
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(14)
where the magnetic pressure force and the magnetic tension
force are averaged over the SCT volume. Furthermore, from
Fig. 2. Time evolution of the SCT (the bare plasmoid) mass. The broken
line is approximated by the equation: −0.3t + ρinitvinit.
the simulation result, we approximate the decrease of the
SCT density with the following equation (approximate line
in Fig. 2),
ρ = − 0.3
vinit
t + ρinit (15)
where ρinit and vinit are the initial SCT density and the initial
SCT volume, respectively. In each model, the SCT penetra-
tion depth is determined by simultaneously solving
d L p
dt
= Vz . (16)
To examine clearly the effect of the magnetic pressure force
and the magnetic tension force, F is estimated from cases
with null target magnetic field (Btarget = 0).
3. Simulation Model
The simulation model is the same as in our previous paper
(Suzuki et al., 2000). The simulation region is composed
of two cylinders which connect with each other (Fig. 3).
One with a smaller radius Lr corresponds to the SCT gun
(injection region) and the other with a larger radius 4Lr cor-
responds to a part of a fusion device (target region). Lengths
of these cylinders are both Lz/2. The relative lengths of the
sizes are given by Lr : Lz = 1 : 16. We employ a perfectly
conducting wall for the boundary condition.
The governing equations are given by MHD equations:
∂ρ
∂t
= −∇ · (ρV), (17)
∂ρV
∂t
= −∇ · ρVV + J × B − ∇P − ∇ · , (18)
∂B
∂t
= −∇ × E, (19)
∂ P
∂t
= −∇ · (PV − κ∇T )
−(γ − 1)(P∇ · V +  : ∇V − ηJ 2), (20)
E = −V × B + ηJ, (21)
J = ∇ × B, (22)
J = ∇ × B, (23)
T = P/ρ, (24)
 = ν[2
3
(∇ · V)I − ∇V −t (∇V)]. (25)
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Table 1. Several parameters in nine different simulation runs. Cases 1, 2, 4 and 5 correspond to those in the previous simulation. The SCT magnetic field
and the SCT density are shown by their averages and their maximum values are 1 and 10 in the normalized unit, respectively.
SCT Target Common
Case VSCT 〈ρSCT〉 〈BSCT〉 ρtarget Btarget Pcom η
1 0.3 5.5 0.46 0.1 0 0.1 1.0 × 10−3
2 0.3 5.5 0.46 0.1 0.1 0.1 1.0 × 10−3
3 0.3 5.5 0.46 0.1 0.3 0.1 1.0 × 10−3
4 0.3 5.5 0 0.1 0 0.1 1.0 × 10−3
5 0.3 5.5 0 0.1 0.1 0.1 1.0 × 10−3
6 0.3 5.5 0.46 0.1 0 0.1 5.0 × 10−4
7 0.3 5.5 0.46 0.1 0.1 0.1 5.0 × 10−4
8 0.3 5.5 0.46 0.1 0 0.1 2.0 × 10−4
9 0.3 5.5 0.46 0.1 0.1 0.1 2.0 × 10−4
Fig. 3. Schematic diagram of the simulation region.
These equations have a non-dimensional form, in which the
density, the magnetic field, the velocity, the length and the
time are normalized by one-tenth of the maximum SCT den-
sity ρ0(≡ 0.1ρSCT), the maximum strength of the SCT mag-
netic field B0(≡ BSCT), the characteristic Alfve´n velocity
VA(≡ B0/√μ0ρ0), the scale of the cylinder radius Lr , and
the Alfve´n transit time τA(≡ Lr/VA), respectively. The re-
sistivity η, the viscosity ν and the conductivity κ are fixed
to 1.0 × 10−3 in the normalized unit μ0Lr VA, ρ0Lr VA and
kρ0Lr VA, respectively.
The initial magnetic configuration is calculated as follows:
The toroidal current Jθ of a cylindrical spheromak solu-
tion (Finn and Manheimer, 1981) whose radius and length
are respectively Lr and 2Lr is located in the injection re-
gion. From Jθ , the toroidal component of the vector poten-
tial Aθ , and thus the magnetic field is calculated. Further-
more, the current free target magnetic field Btarget, whose
strength is an almost uniform and direction is perpendicular
to the injection direction is superposed. The density profile
is given by the function of the SCT poloidal flux. The target
plasma density ρtarget is assumed to be one percent of the peak
SCT plasma density ρSCT. The pressure is initially uniform
(Pcom = Ptarget = PSCT). The SCT is injected into the target
region after acceleration up to the maximum velocity VSCT at
Fig. 4. The spatial structure of the SCT high density plasma, the SCT
magnetic field, and the target magnetic field in case 2.
t = toff ≡ 2Lr/VSCT. The acceleration is done for ρ > ρc.
The explicit finite difference method with second-order
accuracy and the Runge-Kutta-Gill method are used to solve
the basic equations numerically. We carry out totally nine
simulation runs as shown in Table 1. Cases 1, 2, 4 and 5 are
the same as previous ones.
In the next section, we compare the penetration depth and
the kinetic energy of the SCT between models and simula-
tion. In the NS model, LSCT and R are given by Lr and 4Lr ,
respectively.
4. Comparison of the Model with the Simulation
Results
Figure 4 shows the spatial structure of the SCT high den-
sity plasma and magnetic field lines at t = 0 and 40τA in
case 2. At t = 0τA, the SCT is located in the gun region and
the target magnetic field is almost uniform. At t = 40τA,
the SCT penetrates the target region with bending the taget
magnetic field in the SCT penetration direction. In addition,
as a result of magnetic reconnection between the SCT mag-
netic field and the target magnetic field, the SCT magnetic
configuration is disrupted, which leads to supply of the SCT
high density plasma in the target region. The detailed struc-
ture of reconnected field lines is shown in our previous paper
(Suzuki et al., 2000).
Figure 5 shows the SCT penetration depth given by the
CS model, the NS model and the simulation (case 2). It can
be seen that the SCT penetration depth in the NS model well
coincides with that in the simulation, while it in the CS model
is longer. Thus, the magnetic tension force also effectively
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Fig. 5. Time evolution of SCT penetration depths in the CS model, the NS
model and case 2. The target region corresponds to 0 < L p < 8Lr .
Fig. 6. Time evolution of SCT kinetic energy in the NS model and cases 2
and 5, which is shown by subtracting the corresponding null target mag-
netic field case.
acts as the deceleration mechanism of the SCT. However,
the SCT penetration depth in the NS model is a little shorter
than that in the simulation with time. Figure 6 shows the time
evolution of SCT kinetic energy in the NS model and case 2
by subtracting the corresponding null target magnetic field
case from them. It can be seen that the SCT kinetic energy in
the NS model well coincides with that in the simulation until
about 30τA. After that, however, the SCT kinetic energy in
the simulation begins to increase, while it in the NS model
continues to decrease. It causes the longer penetration depth
of the SCT than that estimated from the NS model.
Now, let us examine the effect of magnetic reconnection,
which could relax the SCT deceleration, since it can dynam-
ically change the topology of the magnetic field. Here, we
use the simulation result (case 5), in which the bare plas-
moid, that is, the SCT with null magnetic field is injected.
All parameters except the SCT magnetic field in this case
are the same as those in case 2. Since it is assumed that
the initial pressure profile is spatially constant and the heat
conductive time is longer than the Alfve´n time, the diffusion
of the high density plasma is not so different from that in
the SCT injection (Fig. 2). In addition, it is obvious that
magnetic reconnection observed in case 2 does not occur.
In Fig. 6, the time evolution of kinetic energy in case 5 is
also shown. It is found that this time evolution coincides
with that in the NS model more than that of the SCT kinetic
Fig. 7. Time evolution of SCT penetration depths in the CS model, the NS
model and case 3.
Fig. 8. Time evolution of SCT kinetic energy in the NS model and cases 2,
3, 7, and 9.
energy in case 2 does. These results suggest that magnetic
reconnection relaxes the SCT deceleration. The reconnec-
tion process could give the SCT penetration the same effect
as the slipping indicated in the CS model.
5. Parameter Dependence
Figure 7 shows the SCT penetration depth in case 3. It is
found that in this case also the SCT penetration depth in the
CS model is longer than that in the simulation. On the other
hand, it in the NS model becomes shorter. Figure 8 shows
the time evolution of SCT kinetic energy in this case. The
difference of the SCT kinetic energy between the NS model
and the simulation is larger when the target magnetic field
is stronger, which causes the larger difference of the SCT
penetration depth between them.
In Figure 8, the time evolution of SCT kinetic energy in
cases with different resistivity (cases 7 and 9) is also shown.
These results show that the dependence of the resistivity is not
so large. Since there are more than ten grid numbers within a
current sheet around the reconnection point, the effect of the
numerical diffusion is small enough. The detailed relation
between the relaxation time scale and the reconnection rate
has not been understood yet.
6. Summary
We investigate the deceleration mechanism of the SCT
injected into the magnetized target plasma region. It is re-
vealed that in the SCT penetration process both the magnetic
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pressure force and the magnetic tension force effectively de-
celerate the SCT. In addition, it is suggested that magnetic
reconnection relaxes the SCT deceleration. In the current
simulation, however, the both ends of the target magnetic
field is fixed on the boundary wall, which would cause the
overestimate of themagnetic tension force. This dependence
will be reported in our future work.
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